Effects of hydrogen on the recently discovered defect-engineered spin filtering in GaNAs are investigated by optical spin orientation and optically detected magnetic resonance. Post-growth hydrogen treatments are shown to lead to nearly complete quenching of the room-temperature spin-filtering effect in both GaNAs epilayers and GaNAs/GaAs multiple quantum wells, accompanied by a reduction in concentrations of Ga i interstitial defects. Our finding provides strong evidence for efficient hydrogen passivation of these spin-filtering defects, likely via formation of complexes between Ga i defects and hydrogen, as being responsible for the observed strong suppression of the spin-filtering effect after the hydrogen treatments. Semiconductor spintronics is currently one of the most hotly pursued research fields, which explores the electron spin for future electronics, photonics, and quantum information technology. [1] [2] [3] [4] [5] Despite of impressive progresses during recent years, many key issues are still unresolved. Among many challenges, generation of strongly spin-polarized electrons in semiconductors at room temperature (RT) remains difficult. Recently, an approach by exploiting the defect-engineered spin filtering effect has been proposed that is capable of creating strong electron spin polarization (P e > 30%) in non-magnetic Ga(In)NAs alloys at RT. [6] [7] [8] [9] This is accomplished by utilizing spin-dependent recombination (SDR) via spin-polarized paramagnetic defects, which selectively filters out conduction electrons with spin orientation opposite to that of the defect electron while keeping intact those with the same spin orientation due to spin blockade. Such spin-filtering effect was also shown to turn GaNAs into an efficient RT spin detector, which paves the way for in-depth studies of RT spin injection and spin loss processes in the related material systems. 10 To further improve the efficiency of the defectengineered spin-filtering effect, many key material parameters and physical processes must be identified, understood, and optimized. Previous studies have shown that the spin-filtering effect critically depends on N composition and growth temperature of Ga(In)NAs alloys, as well as post-growth thermal annealing. 6 It was further demonstrated that the dominant spin-filtering defects, i.e., Ga i -interstitial defects, are common grown-in defects in alloys prepared by many modern epitaxial techniques including gas-source molecular beam epitaxy (GS-MBE), solid-source MBE, and metal-organic chemical vapor deposition. 11 Up to now, however, the role of hydrogen in the spin-filtering remains unknown. The main interest in this issue is two-fold. First, hydrogen is known to be a fast diffuser and chemically active. It can be introduced as a common residual impurity during growth and processing of many semiconductors. 12 As the growth processes of Ga(In)NAs by, e.g., GS-MBE typically involve hydrogen, 13, 14 an obvious question is if hydrogen atoms are involved in the spin-filtering defects, e.g., as a part of the Ga i complexes. Such involvement would provide a possible explanation for the observed reduction and transformation of the grown-in Ga i complexes during postgrowth thermal annealing when hydrogen atoms became mobile and could be dissociated from the Ga i complexes. 6 The second reason for the interest in the role of hydrogen in the spin filtering stems from the fascinating effect of hydrogen in passivating N and thereby tuning the bandgap energy of the alloys, observed after post-growth hydrogen treatments. [15] [16] [17] [18] Remarkable improvement in radiative recombination efficiency at RT was also demonstrated and was attributed to hydrogen passivation of non-radiative recombination defect centers. 18 Possible involvement of hydrogen in the spinfiltering defects can provide an interesting prospect to combine bandgap engineering 19 with spin engineering for optimal device applications. In this work, we aim to examine and understand the effect of post-growth hydrogen treatments on the defect-engineered spin filtering in GaNAs alloys.
Two representative structures were studied in this work: (1) a GaN 0.013 As 0.987 epilayer with a thickness of 1100 Å and (2) 7 periods of GaN 0.016 As 0.984 /GaAs (50 Å /200 Å ) multi-quantum wells (MQWs). They were grown at 420 C on a (001) GaAs substrate by GS-MBE. The post-growth hydrogen treatments were done at 300 C by using a Kaufmann source, with a dose of 10 18 ions/cm 2 . Photoluminescence (PL) experiments were performed at RT in a back scattering configuration. A tunable Ti-sapphire laser was used as an excitation source, with excitation photon energy above the GaNAs bandgap (at 780-980 nm). Circular polarization of the excitation beam in optical spin orientation experiments 20 was produced by a k=4-plate in combination with a linear polarizer. PL emissions were dispersed by a grating monochromator and detected by a cooled Ge detector. The degree of circular polarization of PL 
magnetic resonance (ODMR) measurements were performed at 2 K at 9.214 GHz. The spin filtering effect was monitored in the following two ways [6] [7] [8] [9] [10] : (1) the ratio between total PL intensity under circularly and linearly polarized excitation, denoted as an SDR ratio I r þ =I r x ; (2) P PL under a given circularly polarized excitation (either r þ or r À ). RT PL spectra from the as-grown samples are shown in the upper panels of Figs. 1(a) and 1(b) , obtained under r x or r þ excitation. They are dominated by a broad PL band arising from band-to-band (BB) transitions between conduction band (CB) electrons and valence band (VB) holes, which consist of the CB-lh (light-hole) BB at the longer wavelength and the CB-hh (heavy-hole) BB at the shorter wavelength. [6] [7] [8] [9] Due to their strong overlap, however, the two components cannot be resolved in the PL spectra. Both as-grown epilayer and MQWs exhibit a sizable SDR ratio (about 1.6), displayed in the upper panel of Figs. 1(a) and 1(b), indicating active spin-filtering effect. 21 The strong CB P e as a result of the spin filtering effect is directly reflected by the observed strong P PL (up to 25%) under r þ excitation, shown in the lower panel of Figs. 1(a) and 1(b) . The observed spectral dependence of P PL is due to the fact that P PL of the CB-hh and CB-lh transitions with a given P e are expected to be co-and counter-polarized with the excitation light, respectively. 22 To confirm that the observed strong P PL is indeed induced by CB P e created in optical spin orientation under circularly polarized excitation, we have measured P PL under r x excitation, and the results are also shown in the lower panel of Figs. 1(a) and 1(b). No P PL was observed in this case, as expected when no P e can be created by r x excitation.
After post-growth hydrogen treatments, the PL bands from both epilayer and MQWs display a blue shift [Figs. 1(c) and 1(d)] known to be induced by the H passivation of N and its associated alloying effect. [15] [16] [17] [18] [19] Strikingly, the spin filtering effect is strongly suppressed after the hydrogen treatments, resulting in complete quenching of P PL and also disappearance in enhancement of the SDR ratio under r þ excitation. In view of a strong dependence of excitation density on the spin-filtering effect from earlier studies, 6-10 a systematic study of the SDR ratio as a function of excitation densities was carried out to verify that the vanishing SDR effect was not just valid under a specific excitation condition used. The representative results are shown in Fig. 2 , taken the GaNAs epilayer as an example, which confirm that the observed vanishing of the spin-filtering effect after hydrogen treatment is valid regardless of excitation density. By analyzing the excitation-density dependence of the SDR ratio with the aid of coupled rate equations, [6] [7] [8] [9] [10] we are able to estimate the relative change in the concentrations of the spin-filtering defects. It yields N and N H c denote the concentrations of the spin-filtering defects in the as-grown and hydrogenated sample, respectively.
To confirm the suggested decrease in the concentrations of the spin-filtering defects, we performed ODMR studies that have earlier identified Ga i defects as the dominant spinfiltering defects in as-grown and annealed GaNAs. 6, 11 Typical ODMR spectra are shown in Fig. 3(a) , taken as an example the GaNAs epilayer. In the as-grown GaNAs, rather strong ODMR signals were observed. A detailed analysis of the ODMR spectra by an effective spin Hamiltonian 6 reveals 
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Puttisong et al. Appl. Phys. Lett. 99, 152109 (2011) the presence of two types of Ga i defects with different hyperfine parameters (A) and electron g-factors (g), namely Ga i -A and Ga i -B, 11 together with a spin-1 = 2 defect of unknown origin with g ¼ 2.04. The simulated ODMR spectra based on the spin Hamiltonian parameters for these defects 11 are displayed in Fig. 3(b) . The strong suppression of the ODMR signals after the hydrogen treatments [ Fig. 3(a) ] indicates a significant reduction in the role of these defects in carrier recombination and thus in their concentrations. 6, 23 This finding provides strong evidence for hydrogen passivation of these defects as the cause for the observed quenching of the spin filtering effect. Another piece of evidence for the hydrogen passivation effect is an increase in the RT PL intensity under r x excitation after the hydrogen treatments, which can be interpreted by passivation of the spin-filtering defects that were known to be the dominant non-radiative recombination centers in Ga(In)NAs alloys. 11 The passivation of the Ga i defects in GaNAs is likely due to formation of complexes between the original defects and H, thereby removing the active role of the Ga i defects in SDR and spin filtering.
In summary, we have studied the effect of post-growth hydrogen treatments on the defect-engineered spin-filtering in GaNAs. We have shown that the spin-filtering effect is completely vanished after the hydrogen incorporation in both GaNAs epilayer and GaNAs/GaAs MQWs. We have provided experimental evidence for the hydrogen passivation of the spin-filtering defects as the dominant mechanism responsible for this finding. Our results also indicate that hydrogen is unlikely to be a part of the spin-filtering defects in the as-grown samples, despite of the fact that H is commonly present during the growth. 
